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ABSTRACT Auxin Binding Protein 1 (ABP1) is ubiquitous in green plants. It binds the phytohormone auxin with high
speciﬁcity and afﬁnity, but its role in auxin-induced processes is unknown. To understand the proposed receptor function of
ABP1 we carried out a detailed molecular modeling study. Molecular dynamics simulations showed that ABP1 can adopt two
conformations differing primarily in the position of the C-terminus and that one of them is stabilized by auxin binding. This is in
agreement with experimental evidence that auxin induces changes at the ABP1 C-terminus. Simulations of ligand egress from
ABP1 revealed three main routes by which an auxin molecule can enter or leave the ABP1 binding site. Assuming the
previously proposed orientation of ABP1 to plant cell membranes, one of the routes leads to the membrane and the other two to
ABP1’s aqueous surroundings. A network of hydrogen-bonded water molecules leading from the bulk water to the zinc-
coordinated ligands in the ABP1 binding site was formed in all simulations. Water entrance into the zinc coordination sphere
occurred simultaneously with auxin egress. These results suggest that the hydrogen-bonded water molecules may assist in
protonation and deprotonation of auxin molecules and their egress from the ABP1 binding site.
INTRODUCTION
The multifunctional phytohormone and mobile signaling
molecule, auxin (indole-3-acetic acid, IAA), controls almost
every aspect of a plant’s life (1–6). Auxin regulates essential
processes of plant morphogenesis, organogenesis, and repro-
duction, such as elongation, secondary growth (thickening),
branching (apical dominance), and tropic response (directed
growth in response to external stimuli such as light and
gravity) of stems and roots, the initiation and differentiation
of vascular tissues, and the development of fruits and seeds
(1,7). At the cellular level, auxin affects division, expansion,
differentiation, and turgor (the pressure that the protoplast
exerts on the cell wall from within). Some short-term effects
may reﬂect direct auxin impact on cell membrane proteins;
most other responses appear to include changes in gene
expression (8). Thus, the acronym IAA for indole-3-acetic
acid can also be an abbreviation for ‘‘Inﬂuences Almost
Anything’’ as used by Weijers and Ju¨rgens (9). In perform-
ing its versatile roles, auxin displays characteristics of a
hormone although recent ﬁndings advocate in favor of its
morphogenic function (10–12). Auxin has been found in all
members of the plant kingdom, occurring in micromolar
quantities or less. It can be present in a free form or as a
conjugate covalently bound to sugars, peptides, amino acids,
or proteins and is also available from indole-3-butyric acid
(IBA). Its conjugates contribute to the regulation of free
hormone levels in plant tissue (1–5).
The ﬁrst recognition of auxin’s activities was deduced
from the growth responses of roots in 1872 (13) and stems in
1880 (14). The discovery of the ﬁrst plant hormone, later
termed ‘‘auxin’’ (originating from the Greek word auxein
meaning ‘‘to grow’’), intrigued scientists to discover its chem-
ical identity; Went (1927) (15,16), Ko¨gel and Kostermans
(1934) (17), and Thiemann (1935) (18) detected indole-3-
acetic acid. Now, more chemically related molecules of this
class, both natural and synthetic, acting as plant growth sub-
stances or as selective herbicides, are known. They are collec-
tively termed ‘‘auxins’’ (1–6).
Plant growth is characterized by its adaptability to contin-
uous changes of the environment. One key issue in a plant’s
adaptation are the processes of signaling which enable plants
to react to environmental conditions, both normal (nutrients,
light, oxygen, water, temperature, gravity, wind) and ex-
treme (high temperatures, cold, pollutants, droughts, high
salinity, pathogens). Thus, signal transduction in plants in-
volves cross-talk with the environment. Plants have devel-
oped signaling mechanisms which are among the most
complex in living organisms and remain a challenge for plant
physiologists to decipher. Nevertheless, many aspects of
plant growth have been found to depend on transport of
auxin across tissues directed by speciﬁc transport proteins.
The last few years have seen tremendous progress in the
identiﬁcation of the proteins responsible for auxin transport.
Auxin efﬂux carriers (PINs) (12,19–22) have been found to
act directly in transporting auxin out of the cells, probably
independently of the activities of the PGP transmembrane
protein family. The protein AUX1, an auxin inﬂux carrier,
has been found to mediate cellular inﬂux of auxin (21). How-
ever, these ﬁndings are just the beginning of uncovering a
complex signaling network (6,23).
Identiﬁcation of auxin receptors involved in signaling
systems is a particularly signiﬁcant step toward understand-
ing the molecular basis of auxin action, but also a complex
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venture. The involvement of auxin in a diverse array of cri-
tical physiological functions may well be mediated by an
equally diverse array of receptors and/or an intricate network
of signaling cascades. Two auxin receptors are presently
under consideration (24,25): Auxin Binding Protein 1 (ABP1),
with a known three-dimensional molecular structure (26) but
an incompletely known physiological role (1,2,10,11,25),
and a transport inhibitor response protein (TIR1) that is
structurally not characterized but has a role as the auxin re-
ceptor for auxin-mediated transcriptional regulation (27,28).
TIR1 regulates the expression of speciﬁc auxin-responsive
genes by stimulating the ubiquitinylation and subsequent
degradation of Aux/IAA transcriptional repressor proteins. It
does not appear to participate in auxin transport (24,27–29).
Auxin Binding Protein 1 (ABP1) is ubiquitous in green
plants but its physiological role is not understood yet ((3) and
references therein (6,23,30–32)). It was detected in 1977 ((3)
and references therein), puriﬁed in 1985 ((3) and references
therein), and in 2002, its crystal structure was solved (PDB
codes 1LR5 and 1LRH) (26). ABP1 binds auxin at concen-
trations corresponding to physiological concentrations for
auxin individual activities (3,33) with the optimal pH for
binding being 5.0–6.0 (24). Several reports have suggested
that ABP1 is involved in some cellular responses to auxin,
such as cell elongation, cell division, plasma membrane
hyperpolarization, and ion ﬂuxes in protoplasts ((6) and re-
ferences therein, (34–36)). According to these reports, ABP1
is located on the outer side of the plasma membrane, as would
be expected for a hormone receptor. However, ABP1 contains
a KDEL sequence at the C-terminus that identiﬁes ABP1 as
a protein that is targeted to the endoplasmic reticulum (ER).
Indeed, ABP1 is predominantly situated in the ER (37–39) and
only a small amount manages to escape from the ER to the
plasma membrane. However, at the endoplasmic reticulum,
the pH is too high for efﬁcient auxin binding (23,40). Thus,
ABP1 does not bind auxin within the ER even though this is
the predominant subcellular location for this receptor.
Sequence analysis and the crystal structure indicate that
ABP1 belongs to the cupin protein superfamily (26,41)
characterized by the predominance of an anti-parallel b-sheet
motif. Its structural similarity to manganese oxalate-oxidase,
PDB code 1FI2 (acting as oxidoreductase) (42) and other
enzymatic cupins, and the role of zinc in the active site of
ABP1 raise the question of its possible enzymatic function
(41). The crystallographic asymmetric unit consists of two
ABP1 homodimers. To our knowledge, no cooperativity be-
tween subunits of the dimer has been reported, and the oligo-
meric state of ABP1 in vivo is unknown.
Before the ABP1 crystal structure was solved, QSAR
analysis based solely on the structures of auxin and auxin-
related molecules was possible. Different approaches were
used to develop models (43–49) that related the biological
activity of the compounds to their structural features. The
models enabled identiﬁcation of structural features important
for auxin activity and classiﬁcation of auxin-related com-
pounds. The crystal structure of ABP1 (26) enables compu-
tational docking studies which can contribute to understanding
of the ABP1 mechanism (43). Using different computational
methods, the interactions of auxin-related molecules with
ABP1 can be studied and hypotheses on the ABP1 func-
tion(s) proposed. Currently, there are only limited experi-
mental data about ABP1 trafﬁcking and its interactions with
auxin to compare against computational results. A single re-
port on the measurement of auxin binding to the puriﬁed
ABP1 is available (50); only a few compounds were inves-
tigated and compounds with antiauxin activity or with auxin
structural features but lacking auxin activity were not stud-
ied. In other cases, experimental data were collected using
unpuriﬁed ABP1 (51), which contained other biological ma-
terial that might affect auxin binding.
In this work, we used the crystal structures of ABP1 and
ABP1 in complex with 1-naphtaleneacetic acid (NAA) (26)
and performed a docking study for some auxin-related mole-
cules. Molecular dynamics simulations were used to inves-
tigate changes in protein conformation and stability induced
by docking compounds with differing auxin or antiauxin
activity in the ABP1 binding site. In particular, the confor-
mational variation in the C-terminus of ABP1 and its relation
to auxin binding was investigated. Standard molecular dy-
namics simulations and the random acceleration molecular
dynamics (RAMD) simulation method (52–54) were used to
investigate possible routes for the transport of auxin com-
pounds in and out of the ABP1 binding site. The relation of
these routes to ABP1 receptor function was explored, as was
the role of a hydrogen-bonded water network in auxin bind-
ing and unbinding.
METHODS
System preparation
The recently determined crystal structures of the unbound auxin-binding
protein 1 (ABP1) and of its complex with 1-NAA were extracted from the
Brookhaven Protein Databank (55) (codes 1LR5 and 1LRH, respectively).
The crystal structures of the protein consist of four almost identical
monomers (root mean-square deviation (RMSDs) between the different
subunit backbones are from 0.24 to 0.57 A˚). The C-termini of monomers A
and D make intermolecular contacts and have lower mobility, as described
by atomic temperature factors, whereas monomers B and C are not involved
in contacts and their mobility is approximately twice as high. The structures
of the free protein and the protein in the complex are very similar (RMSD of
backbone atoms between the equivalent subunits ranges from 0.18 to 0.23
A˚). For the molecular modeling study, we used subunits A and C and the 73
water molecules found in the crystal structure within 3 A˚ of the protein
heavy atoms of the selected subunits. Although ABP1 is dimeric in solution
and in the crystal ((26) and references therein), we used the monomeric form
for the simulations since, to our knowledge, no cooperativity between
subunits of the dimer have been reported. Complexes between ABP1 and the
following auxin-related compounds were built: 1-naphtaleneacetic acid
(NAA), indole-3-acetic acid (IAA), 4-chloro-indole-3-acetic acid (4-Cl-IAA),
indole-3-isobutyric acid (IIBA), and benzoic acid (BA). The compounds
were either manually docked into the ABP1 binding site, or the binding
modes obtained from previous Monte Carlo searches (43) were used.
Parameters for auxin-related compounds were derived using Antechamber in
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the AMBER 8.0 program package (56,57). Zinc parameters from our
previous calculations were used (58): r ¼ 1.22 A˚, e ¼ 0.25 kcal/mol, and
charge 12e.
Polar hydrogen atoms were added using the WHATIF software (59),
which adds hydrogens in positions to optimize the hydrogen-bond network
in the protein. A few amino-acid residues were ﬂipped by WHATIF to the
other, energetically more favorable rotamer, namely His27, Asn35, Asn110,
His114, and His140 in 1LR5-A, and His27, His36, Gln56, Gln86, and His140 in
1LRH-A. Nonpolar hydrogen atoms were added with Tleap, which is part
of the AMBER 8 program package.
Simulations
The protein was placed in the center of a truncated octahedron that was ﬁlled
with TIP3P type water molecules. Besides water molecules, Na1 and Cl
ions were added to neutralize the system and placed in the vicinity of
charged amino acids at the protein surface. The resulting system of;20,000
atoms was simulated using periodic boundary conditions and particle-mesh
Ewald for calculation of electrostatic interactions. The AMBER ff03 (60)
force ﬁeld of Duan et al. was used.
Before molecular dynamics (MD) simulations, the protein geometry was
optimized in three cycles with different constraints. In the ﬁrst cycle, water
molecules were relaxed, while the protein and substrate atoms were con-
strained using a harmonic potential with a force constant of 32 kcal/(mol 3
A˚2). In the second cycle, the same constraint was put on all nonhydrogen
atoms of the protein and the substrate; the goal of this cycle was relaxation
of hydrogen atoms. Finally, in the third cycle, only the position of the zinc
was constrained as it was also constrained during the MD simulations. The
energy minimization procedure was the same in all three cycles: 100 steps
of steepest descent were followed by 400 steps of conjugate gradient
optimization. The ﬁnal gradient was ;0.1 kcal/(mol 3 A˚).
After energy minimization, the system was equilibrated during 300 ps. For
the ﬁrst 100 ps of equilibration, the volume was constant. During the ﬁrst
80 ps, the temperature was linearly increased from 0 to 300 K and during the
remaining 20 ps it was held constant. In the next 200 ps of equilibration,
temperature and pressure were held constant (T¼ 300 K, P¼ 1 atm). The goal
of the equilibration was to achieve a stable system with constant density.
The equilibrated system was then subjected to a 5 ns molecular dynamics
simulation at constant temperature and pressure (300 K, 1 atm). The tem-
perature was held constant using Langevin dynamics with a collision fre-
quency of 1 ps1: The time step was 1 fs and the SHAKE algorithm was not
used. Structures were sampled every 0.1 ps over 5 ns.
Simulations with variations in temperature
For the ABP1 and its complexes with NAA, IAA, and IIBA, simulations
were repeated using a procedure including temperature variations. After
equilibration, MD simulations were run at 300 K for 100 ps, and then the
temperature was linearly increased to 500 K during 100 ps. From 200 ps to
600 ps, the system was held at 500 K and ﬁnally, the temperature was
linearly decreased to 300 K during the next 200 ps (Fig. 1). From 800 ps to
5 ns, the simulation was the same as previously described. The goal of the
simulations with variation in temperature was to provoke possible confor-
mational changes for which the 5-ns simulation at 300 K was too short.
The trajectories were visualized using the MD Display (61) and Chimera
(62) software, and analyzed using the ptraj program from the AMBER 8
program package.
Simulations of auxin expulsion from the ABP1
active site
To explore possible pathways used by auxin-related molecules to enter and
leave the ABP1 active site, random acceleration molecular dynamics
(RAMD) simulations (52–54) were performed. To simulate an auxin egress
from the ABP1 active site is very demanding because it might occur on a
timescale much larger than the timescale currently possible for standard MD
simulations of proteins. The RAMD method overcomes this problem by
applying a small, artiﬁcial, randomly orientated force to the center of mass of
the ligand to enhance the probability of its spontaneous exit. We have
performed a series of RAMD simulations to 1), ﬁnd the most appropriate
parameterization of the force (acceleration from 0.1 to 0.25 kcal/(g 3 A˚)
with atomic mass in units of g/mol was used) considering the simulation
timescale and the protein reorganization; and 2), to obtain statistically
signiﬁcant results. Different starting structures of ABP1 complexes with
NAA and IAA were used. The RAMD simulations were run for 150 ps (in a
few cases for 400 ps) or until the distance between the centers of mass of
ABP1 and the auxin molecule became larger than 30 A˚. The time step was
the same as used in MD simulations (1 fs). The direction of the force was
kept for 40 timesteps (40 fs). If during this period, a ligand did not move
more than 0.01 A˚, a new direction was chosen randomly, otherwise the same
force was applied for the next 40-timestep period.
Tunnels for auxin entrance/exit were also explored with the CAVER
software (63). It ﬁnds tunnels in a protein structure from a user-deﬁned
starting point to the exterior by placing a grid over the protein and connecting
those points that have more empty space around. The grid spacing was set
to 0.8 A˚ and the zinc ion was chosen as the starting point in the protein.
RESULTS AND DISCUSSION
MD Simulations at 300 K show a stable protein
structure and reveal a network of hydrogen-
bonded water molecules from the ABP1 binding
site to the protein surface
In the crystal structure of ABP1 (26), the zinc ion is coordi-
nated by three histidines (His57, His59, His106), glutamate 63
and a water molecule. In the crystal structure of the ABP1
complex with NAA, a coordinated water molecule is replaced
by bidentately coordinated 1-NAA (26) (Fig. 2). The confor-
mations of the free protein and its NAA-complex do not reveal
other signiﬁcant differences, though this structural conserva-
tion might be a consequence of the crystal packing (26).
Molecular dynamics (MD) simulations were used to monitor
changes in the protein active site and protein conformation
introduced by binding auxin and auxin-related compounds.
FIGURE 1 Temperature variation during equilibration (from 300 to
0 ps) and during the production run (from 0 to 5000 ps).
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During 5-ns simulations at a constant temperature of 300
K of ABP1 in its unbound state and of its complexes with
NAA, IAA, 4-Cl-IAA, IIBA, and BA, no signiﬁcant con-
formational changes were detected in the protein. The active
site topology was almost the same in all simulations. In the
literature (1,26,64), attention has been given to the role of try-
ptophan 151 in the auxin binding. Therefore, we monitored its
dynamics during the simulations. In the crystal structure of
ABP1 and during the 5-ns simulations, the aromatic ring
planes of tryptophan 151 and the auxins were perpendicular
(Fig. 2). The two aromatic rings participate in a p-p face-to-
edge interaction.
The average RMSD of the protein backbone from the
crystal structure was similar in simulations of unbound
ABP1 (1.41 A˚) and of the ABP1-NAA complex (1.48 A˚).
(The RMSD of the protein backbone between the starting
structures for these two simulations is 0.51 A˚.)
The zinc coordination is stable during the 5-ns simula-
tions. In simulations of the free ABP1, glutamate 63 is
initially bidentately coordinated to the Zn21 ion but, after
960 ps of simulation, it moves away and coordinates the
Zn21 monodentately. The carboxyl oxygen of glutamate 63
that left the Zn coordination sphere spent most of the time
at ;3 A˚ distance from the Zn21 ion (Fig. 3), stabilized by
hydrogen bonds with water molecules.
During all simulations, some water molecules from the
bulk solvent (described using an explicit solvent model, see
Methods) moved into the binding site through the channel
running (through the loop Lys125-Arg129) from the protein
surface to the active site (Fig. 4). The process was initiated in
the early phases of all the simulations performed, often
during the equilibration, resulting in a network of hydrogen-
bonded water molecules that spanned from the active site to
arginine 129 and lysine 125, amino acids located on the
protein surface. Water molecules participating in the network
replaced each other during the simulations, but the network
was maintained until the end of the simulations. The water
molecule located in the active site participates in hydrogen
bonds to the carboxyl group of glutamate 63 and the
carboxyl group of the auxin-related molecule (Fig. 4).
The fact that the hydrogen-bond network appeared in all
simulations in approximately the same fashion clearly shows
that water molecules in the active site can easily be ex-
changed with bulk water.
MD Simulations with variations in temperature
show conformational changes at the C-terminus
and Trp151 that are affected by binding of an
auxin compound in the ABP1 binding site
Small differences in the protein structure that appeared at the
end of the simulations of the free ABP1 and complexes of
ABP1 with an auxin-related compound at room temperature
encouraged us to perform a series of simulations in which the
FIGURE 2 Comparison of the active site of ABP1 in the crystal structure
of its complex with NAA (blue), the average structure from a 5 ns simulation
of the ABP1-NAA complex (red), and the average structure from a 5 ns sim-
ulation of the free ABP1 (yellow).
FIGURE 3 The octahedral coordination of the Zn21 ion in the active site
of the free ABP1 observed after 3.5 ns of MD simulations. The metal-ligand
distances (A˚) are in magenta.
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temperature was brieﬂy increased above 300 K (see
Methods). The goal of this kind of simulation was to give
the system enough kinetic energy to overcome some energy
barriers and to achieve conformational changes that might
occur at room temperature but during a time period that is
longer than our simulations. The temperature was linearly
increased from room temperature to 500 K, kept constant for
400 ps, and then linearly decreased to 300 K (see Methods).
These simulations were run for the free ABP1 and for ABP1
complexes with NAA, IAA, and 3-IIBA. The increase of
kinetic energy of the system initiated the movement of
ﬂexible parts of the ABP1. Simulations under elevated
temperatures of the free ABP1 and its complexes with auxin-
related molecules revealed conformational changes. During
the 400-ps interval of MD simulations of the free ABP1 (at
500 K), the conformation of the C-terminus was more
extended compared to the conformation observed in the
crystal structure, and tryptophan 151 was pulled out of the
active site (Fig. 5 A). Simulations of the free ABP1 at
elevated temperature were repeated a few times, revealing
the conformational changes of the C-terminus. At the end of
the simulation period at elevated temperature (see Methods),
tryptophan 151 was completely out of the binding site and
the C-terminus had a mostly extended a-helical conforma-
tion. This conformation seemed to be energetically stable at
300 K as the protein retained it after cooling the system down
(Fig. 5 A). Energy minimization of the crystal structure and
the structure obtained after 1.5 ns of the simulation with var-
iation of temperature showed that the structure with the ex-
tended C-terminus is energetically more favorable (7.843
106 cal/mol with gradient of 9.87 3 102 kcal/(mol 3 A˚))
than the compact crystal structure (7.36 3 106 cal/mol,
gradient 9.593 102 kcal/(mol3 A˚)). It is possible that such
a structure with an extended C-terminus and tryptophan 151
outside the auxin binding site is an inactive conformation
(with no auxin molecule bound). Similar results (the
conformation with extended C-terminus being more stable)
were obtained for the protein with the KDEL sequence added.
FIGURE 4 The network of hydrogen-bonded water molecules spanning
from the ABP1 binding site to the protein surface formed during the 5-ns
MD simulation of the ABP1-IIBA complex. Hydrogen bonds are repre-
sented by dotted yellow lines. ABP1 is shown in cartoon representation with
the backbone atoms of Lys125 and Arg129 and all atoms of Glu63, His57, His59,
and His106 in stick representation and the Zn ion represented by a sphere.
FIGURE 5 Superposition of the crystal structures and those obtained after
1.5 ns of simulation (at varying temperature). (A) The unbound ABP1, the
crystal structure is colored red, and the simulated yellow. In the latter, the
C-terminus is extended and tryptophan 151 is pulled out of the binding site (in
which the zinc ion is shown as a sphere with its four coordinating residues).
(B) The crystal structure of the ABP1-NAA complex (red) and the simulated
structures of the ABP1-NAA complex (yellow) and the ABP1-IAA complex
(green). Trp151, Glu63, and the ligand are shown in stick representation.
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This conformational transition of the C-terminus is consistent
with an earlier hypothesis (1,26,64) proposing a signiﬁcant
role for the C-terminus in the auxin signaling pathway.
Simulations performed for ABP1 complexes with NAA,
IAA, and 3-IIBA revealed somewhat different dynamics of
tryptophan 151 to that detected for the free ABP1. During the
simulation period at 500 K, tryptophan 151 also moved away
from the active site but, after cooling the system, it returned
back into the active site (close to the aromatic ring of the
ligand). The ﬁnal structure was similar to the crystal struc-
ture, in particular with regard to the orientation and position
of the C-terminus (Fig. 5 B). The only signiﬁcant difference
compared to the crystal structure was the position of the
ligand, which was more buried inside the binding pocket but
still close enough to tryptophan 151 to allow p-p interac-
tions. From the results of the MD simulations, we conclude
that the conformation found in the crystal structure of the
ABP1-NAA complex is the active conformation stabilized
by bound auxin. Comparison of the backbone RMSD to the
crystal structure after 5 ns simulations at varying temperature
revealed larger ﬂexibility of the free ABP1 structure (RMSD
¼ 3.51 A˚) than of the ABP1-NAA complex (RMSD ¼ 3.02
A˚) (Fig. 6 A). The results of the MD simulations show that
binding of an auxin molecule stabilizes the compact crystal
structure and increases its population. This conformation is
equivalent to the conformation found in the crystal structure
of the ABP1-NAA complex and is probably the ABP1 active
conformation as suggested by Woo et al. (26).
Both simulations at constant and at varying temperature
detected the same hydrogen-bond network of water mole-
cules. As expected (65), the exchange of water molecules is
faster at higher temperature. During simulations at 300 K,
water molecules entered and left the active site in 50 ps,
while during simulations at varying temperature they ex-
changed within 10 ps. During simulations at 500 K, water
molecules entered the zinc coordination sphere and changed
the coordination of the auxin-related molecule from biden-
tate to monodentate. Such coordination was retained up to
the end of the simulations (Fig. 6 B). More water molecules
competed for the Zn coordination sphere until the drop of the
temperature to 300 K. At room temperature, just one water
molecule remained coordinated all the time.
To check the stability of the experimentally determined
binding mode we manually docked NAA and 4-Cl-IAA in a
few orientations that differ from the experimentally determined
one and performed MD simulations. However, in all cases
the auxin molecule reoriented back to the position found in
the crystal structure.
RAMD simulations of auxin egress from the ABP1
binding site reveal three main routes: one to the
membrane and two to the aqueous environment
Using the CAVER software (63), which is a geometrical tool
for ﬁnding tunnels in a protein structure, three pathways
were found (pwA, pwB, pwC, see below) from the active site
to the protein exterior. These were later conﬁrmed by RAMD
simulations.
To simulate the egress of an auxin-related compound from
the ABP1 binding pocket, we have run a number of ran-
dom acceleration molecular dynamics (RAMD) simulations
(52–54) using different magnitudes of random force applied
to the substrate (see Methods). A smaller expelling force per-
mits greater protein reorganization during the ligand egress
FIGURE 6 Analysis of the trajectories obtained during 5 ns of simulation
with varying temperature. The period of simulations in which the temperature
was maintained above 300 K is marked by the light gray box. (A) RMS
deviations of the protein backbone from the corresponding crystal structure for
the freeABP1 (dark gray) and theABP1-NAA complex (black) in comparison
with the RMSD for the free ABP1 simulated at a constant temperature (300 K)
(light gray). (B) Distances between the zinc ion and the NAA oxygen atom
(black), the oxygen atom of water molecules 1 (dark gray), 2 (medium gray),
and 3 (light gray), during simulation of the ABP1-NAA complex.
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and gives more reliable results. At the same time, a smaller
force implies longer simulations. To ﬁnd the most suitable
force magnitude, we performed 61 (34 with ABP1-NAA, 15
with ABP1-IAA, and 12 with ABP1-IIBA complexes) sim-
ulations changing the random force acceleration from 0.10 to
0.25 kcal/(g 3 A˚) (Table 1). An acceleration of 0.20 kcal/
(g 3 A˚) proved to be most suitable. Auxin exit almost always
occurred during 150 ps of simulation and a visual inspection
indicated that the protein had enough time to accommodate
to the changes in ligand position. Lower values of acceler-
ation (0.10 and 0.15 kcal/(g 3 A˚)) often did not result in
auxin egress from the ABP1 binding site during 150 ps of
simulation. With an acceleration of 0.25 kcal/(g 3 A˚), the
auxin molecule left the binding site too quickly, within 10 ps
of simulations, and the protein structure did not have enough
time to adjust to the auxin egress.
Different starting structures were used for the RAMD sim-
ulations. In some simulations, starting structures were equil-
ibrated crystal structures of ABP1 with docked NAA or IAA.
In other cases, structures obtained after 1.5 ns of simulation
with variation in the temperature of the ABP1 complexes were
used. Finally, we ran RAMD simulations using the structure
with the extended C-terminus (obtained after 1.5 ns of
simulation of ABP1 with temperature variation) with man-
ually docked NAA, and the system equilibrated. Simula-
tions of auxin egress did not reveal any large C-terminus
TABLE 1 Routes observed in the RAMD simulations
Starting structure
Acceleration
(kcal/(g 3 A˚))
Egress
pathways
No. of
trajectories*
Trajectory
length (ps)
No. of trajectories with water
entrance into the Zn-coordinationy
ABP1 structure 1, NAA complexz 0.10 — 1 150.0 —
0.15 — 2 150.0 —
0.20 — 2 150.0 —
0.20 B 5 27.4–135.5 4
0.20 A 1 63.5 0
0.25 A 4 6.4–10.0 0
ABP1 structure 2, NAA complex§ 0.10 — 2 150.0 —
0.15 A 2 10.0 1
0.20 A 2 6.0 1
ABP1 structure 1, IAA complex{ 0.15 — 1 150.0 —
0.15 A 2 131.0–253.0 2
0.17 A 2 17.5 2
0.20 A2 5 148.0 0
0.20 A 2 11.5–12.0 1
0.25 A2 1 6.0 0
ABP1 structure 3, IAA complexk 0.15 A 1 131.0 1
0.20 A 1 11.5 1
ABP1 structure 4, NAA complex** 0.15 — 1 150.0 —
0.15 B 3 95.0–182.5 2
0.17 C 2 9.0–30.0 1
0.20 A 1 6.0 1
0.20 C 2 9.5 —
0.20 B2 2 8.5 1
0.25 A 1 3.5 —
0.25 B2 1 4.5 1
ABP1 structure 1, IIBA complexyy 0.13 — 1 250 —
0.14 C 1 206 1
0.15 C 2 68.5 2
0.16 A 1 86.5 1
0.17 C 3 16.5 3
0.18 C 1 60.0 —
0.20 C 3 16.5–151.5 3
*Several trajectories using different random number seeds for the random acceleration. Force directions were generated for each starting structure and random
force acceleration magnitude.
yNumber of trajectories during which, simultaneously with egress of carboxyl group from zinc coordination sphere, water molecule(s) enter into it.
zEquilibrated structure of ABP1-NAA complex from crystal structure.
§Structure obtained after 1.5 ns of simulation of the ABP1-NAA complex with temperature variation.
{Equilibrated structure of ABP1-IAA complex obtained from ABP1 crystal structure with IAA manually docked into the binding site.
kStructure obtained after 1.5 ns of simulation of the ABP1-IAA complex with temperature variation.
**Structure obtained after 1.5 ns of simulation of the free ABP1 in which NAA was manually docked for RAMD simulations.
yyEquilibrated structure of ABP1-IIBA complex obtained from ABP1 crystal structure with IIBA manually docked into the binding site.
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movement. During some RAMD simulations, the entrance of
water molecules into the zinc coordination sphere occurred
simultaneously with an auxin expulsion (Table 1). This ﬁnd-
ing indicates the possible role of water molecules in helping
the auxin molecule to leave the zinc coordination sphere in
ABP1.
Using RAMD simulations of the ABP1-NAA complex, three
main egress routes were identiﬁed. Pathway A (pwA) leads
through the protein loop closed by prolines 126 and 127 on
one side, and alanine 33 on the other side (Fig. 7). Route B
(pwB) leads through the center of the protein surrounded by
b-sheets (Fig. 7) and ends at the hole on the protein surface
surrounded by phenylalanines 92, 93, and 98, and threonine
96. Pathway C (pwC) leads from the active site through two
loops, in the vicinity of proline 148 and phenylalanine 149 at
one, and of glutamine 17 and glycine 21 at the other side
(Fig. 7). Besides these three main routes, in some simulations
one of two other pathways was observed, pwA2 and pwB2.
Routes pwA2 and pwB2 are practically the same as routes
pwA and pwB, respectively. In both cases, differences in the
auxin egress are probably due to differences in the starting
structures used in the RAMD simulations. As the protein loop
which contains prolines 126 and 127 is ﬂexible, the auxin
exits either below it (pwA2), or above it (pwA) (Fig. 7). A
similar difference is observed between pwB2 and pwB (Fig. 7).
In 52 simulations that resulted with ligand egress from
active site of ABP1, pwA was used 26 times and pwB 11 and
pwC 14 times. It is important to stress that pwC was mostly
used by antiauxin molecule (10 out of the 14 simulations
that ended with pwC egress were simulations of IIBA egress
from ABP1 binding site).
In nine out of 11 simulations in which the ligand molecule
used pwB, a water molecule entered the zinc coordination
sphere. For route pwA, this happened in 10 out of 25 times
and for route pwC in 10 out of 14 times. The entrance of a
water molecule into the coordination sphere of zinc during
auxin exit suggests that one of the roles of water molecules in
the active site is to help auxin to leave the zinc coordination
sphere. The route by which water enters the ABP1 binding
site is close to pwA, but it is a distinct channel.
If the orientation of ABP1 with respect to the membrane
proposed by Woo et al. is correct (Fig. 7), the three main
pathways have different functions. Pathway A would lead
from the ABP1 active site to the membrane, while pathways
B and C would lead from the binding site to the lumen of the
ER, cytosol, or apoplast, depending on the ABP1 location. In
any case, pwA would be the route used by auxin to travel
between the membrane and the ABP1 binding site, while
pwB and pwC would be the pathways for auxin to travel
between the binding site and the ABP1 surroundings.
The arrangement of the ABP1 monomers in the homo-
dimer as determined in the crystal structures is such that it
does not obstruct movement of auxin molecules through the
pathways found. Pathways A and A2 connect the ABP1 bind-
ing site to the membrane and pathways B, B2, and C connect
it to the ABP1 surroundings (Fig. 8).
Mechanistic and biological implications of the
molecular modeling results
The results of the MD simulations of the ABP1 and its
complexes with different auxin-related compounds reveal
some important characteristics of this protein and allow us to
propose a binding mechanism. ABP1 is a quite rigid protein
(26) that keeps its ﬁrm b-skeleton structure during all MD
simulations, at room and at elevated (500 K) temperatures.
The only part of the structure that changed signiﬁcantly
during the simulations, and then only at elevated tempera-
tures (500 K), was the C-terminus that extended and pulled
FIGURE 7 Orientation of ABP1 toward the membrane proposed by Woo
et al. with possible auxin egress pathways displayed: the main (most fre-
quently found) routes are pwA (orange), pwB (green), and pwC (yellow),
and the rarely found routes are pwA2 (red) pwB2 (blue).
FIGURE 8 Orientation of the ABP1 homodimer to the membrane with
possible pathways for auxin entrance/exit from the binding sites shown for
pwA ((orange), pwB (green), pwA2 (red), pwB2 (blue), and pwC (yellow)).
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tryptophan 151 out of the binding pocket. This occurred only
during the simulations of the free ABP1, whereas in the
complex with an auxin molecule, tryptophan 151 remained
in the binding site and participated in p-p interactions with
the ligand (Fig. 5). Apparently, the auxin molecule stabilizes
the protein structure and makes it more rigid (Fig. 6 A). Our
observation that binding of an auxin molecule inﬂuences
only the ﬂexibility and location of the a-helical C-terminus,
but does not effect the structure of the ABP1 b-barrel
is consistent with the hypothesis that the movement of the
C-terminus might be the ﬁrst step, after auxin binding, in
the auxin signaling pathway. The importance of the ABP1
C-terminus is shown by experimental ﬁndings that the pres-
ence of a synthetic peptide corresponding to the C-terminus
can activate auxin response and induces hyperpolarization of
the membrane (34,66) and protoplast swelling (67). Further,
experiments on ABP1 protein and its mutants showed that
the KDEL sequence is not essential for ABP1 activity, in-
cluding auxin binding and interaction with the plasma mem-
brane (68). Our hypothesis is that, in the plant cell, the free
ABP1 (without an auxin bound) has predominantly the con-
formation with the C-terminus extended. Binding of an auxin
molecule stabilizes a conformation with tryptophan 151 in
the active site and with a less extended C-terminus (similar
to the one found in the crystal structure (Fig. 5)), and it becomes
the most populated. The shift in equilibrium population of
conformations toward more rigid ones is probably connected
with the signal transfer. Changes in the ABP1 conformations
caused by auxin binding have been experimentally shown by
an immunological approach (35). This supports the hypoth-
esis that ABP1 is indeed an auxin receptor, i.e., it mediates
the faster responses to auxin presence in the plant cell (6,24).
Simulations of auxin egress from ABP1 revealed three
main routes for auxin-related molecules to enter and leave
the active site. With the proposed orientation(s) of ABP1
toward the membrane (26) (Fig. 7), pwA would be the route
for auxin travel between the membrane and the ABP1 active
site while pwB and pwC would be the routes that would
enable auxin to travel between the active site and the ABP1
surroundings. As the outer side of the plasma membrane is
the most probable location at which ABP1 acts as an auxin
receptor, we propose that pwB or pwC is used by an auxin
molecule to enter into the binding site and pwA to exit into
the membrane after it has stabilized the conformation with a
less extended C-terminus (the active conformation). This
ﬁnding is conﬁrmed by RAMD simulations of auxin egress
from the inactive conformation, i.e., the conformation with
an extended C-terminus and tryptophan 151 pulled out of the
active site (Table 1) where pwB and pwC were predomi-
nantly observed (in 10 out of 12 simulations). The fact that
the antiauxin compound (IIBA) used mostly pwC during
simulations gives a possible explanation for its inhibitory
behavior: IIBA can easily enter the ABP1 binding site but
has more difﬁculty leaving it and because of this, it inhibits
auxin activity.
A signiﬁcant ﬁnding, consistently observed in all simu-
lations, is the movement of water molecules from the bulk
solvent into the active site. Water molecules always entered
through the same channel generating a network of hydrogen-
bonded water molecules from the protein surface to the
active site. In all simulations at constant temperature (300
K), the water molecule closest to the binding site is
hydrogen-bonded to the carboxylate groups of glutamate
63 and the auxin simultaneously. Both these negatively
charged carboxylate groups come close to each other when
coordinated to the zinc ion. A possible role of the water
molecule is to reduce their repulsion by acting as a proton
donor in hydrogen bonds (Fig. 4). During simulations at
elevated temperature, a water molecule entered into the
coordination sphere of the zinc and replaced the oxygen of
the carboxyl group of auxin which became a monodentate
ligand. In RAMD simulations, the auxin expulsion was ac-
companied by the return of water to the zinc coordination. It
can be assumed that water molecules in the ABP1 active site
assist the release of auxin from the zinc coordination sphere.
A possible role of water molecules in the ABP1 mechanism
might also be to regulate protonation and deprotonation of
the auxin-related compound. It is most likely that an auxin-
related compound coordinates zinc with a deprotonated car-
boxyl group, but passes the membrane as a neutral species.
Therefore, ABP1 should have a mechanism enabling proton-
ation and deprotonation of an auxin-related compound. The
hydrogen-bond network of water molecules spanning from
the active site to the protein surface could provide the means
for transferring a proton to or from the auxin carboxyl group.
CONCLUSIONS
Molecular modeling and simulation were applied to study
auxin binding to the ABP1 to shed light on the physiological
role of ABP1. Using molecular dynamics simulations, two
different conformations of ABP1 were found. The confor-
mation of ABP1 with the extended C-terminus and trypto-
phan 151 pulled out from binding site may be adopted when
no auxin-related molecule is bound. Binding of an auxin-
related compound stabilizes the other, more rigid conformation,
in which tryptophan 151 is engaged inp-p interactions with the
planar aromatic group of the auxin-related compound, and the
C-terminus is not extended. The observed inﬂuence of auxin
binding on the structure and ﬂexibility of the C-terminus is
in accord with experiments that have revealed its role in the
auxin-induced changes of the plasma membrane.
The observed hydrogen-bond network of water molecules
between the ABP1 binding site and the protein surface
indicates potential roles for water in the ABP1-auxin binding
mechanism. One is to facilitate auxin unbinding by a water
molecule replacing the auxin in the zinc coordination sphere,
and the other is to guide the proton transfer through the
hydrogen-bonded water network during the protonation/
deprotonation of the auxin compound.
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RAMD simulations showed three pathways which an
auxin-related compound can use to enter and leave the ABP1
binding site. As the pathways connect the active site of
ABP1 and different sides of the protein surface, and the fre-
quency of their appearance is related to the protein confor-
mation, we suggest that pwB and pwC are used by the ligand
to enter and pwA to leave the ABP1 active site. If the pro-
posed orientation of the ABP1 to the membrane (26) is cor-
rect, pwA leads to the membrane and pwB and pwC lead to
ABP1’s aqueous surroundings.
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